This paper presents a statistical study of ionospheric smallscale structures detected at the GPS station of Brussels (BRUS) from 1994 to 2008. Two types of structures have been detected: Travelling Ionospheric Disturbances (TID's) and socalled "Noise-Like Structures" due to geomagnetic storms. The influence of such structures on differential positioning like Real-Time Kinematic (RTK) have been explored: the positioning error due to the ionosphere is larger during geomagnetic storms than during the occurrence of TID's. Maximum values observed for a baseline of 11 km are respectively 65 cm and 15 cm.
Introduction
Nowadays, Global Navigation Satellite Systems or GNSS allow to measure positions in real-time with an accuracy ranging from a few meters to a few centimetres mainly depending on the type of observable (code or phase measurements) and on the positioning mode used (absolute or differential). The best precisions can be achieved in differential mode using phase measurements. In differential mode, mobile users can improve their positioning accuracy thanks to so-called "differential corrections" provided by a fixed reference station. For instance, the Real-Time Kinematic technique (RTK) allows to measure positions in real-time with a precision usually better than a decimetre. In practice, the ionospheric effects on GNSS radio signals remain the main factor which limits the precision and the reliability of real-time differential positioning. As differential applications are based on the assumption that the measurements made by the reference station and by the mobile user are affected in the same way by ionospheric effects, these applications are influenced by gradients in TEC between the reference station and the user. As a consequence, local variability in the ionospheric plasma can be the origin of strong degradations in positioning precision. In section 2, the detection of small-scale ionospheric structures is realised by monitoring TEC high-frequency changes at a single station; as ionospheric disturbances are moving, we can expect that such structures will induce TEC temporal variability which can be detected at a single station. However, the onestation method allows to measure variability in time but GNSS differential applications are affected by variability in space between the user and the reference station. Therefore, in section 3, we assess the effects of ionospheric variability on double differences, which are the basic observables in differential applications. Some typical ionospheric conditions have been analysed for a same baseline. In section 4, we compute the RTK positioning error under the different ionospheric conditions detailed in the previous section by using a software developed for that purpose: SoDIPE/RTK (Software for the Determination of the Ionospheric Positioning Error on RTK).
"One-station method"
In this section, the monitoring of the high-frequency changes in TEC at a single GNSS station is realised in order to detect the small-scale ionospheric structures. Results presented in this section are relative to the station of BRUS (Brussels, Belgium).
Methodology
TEC temporal changes at a single station can be monitored by using the Geometric-Free (GF) phase combination ϕ GF :
with ϕ k the phase measurement on carrier L k , f 1 and f 2 the carrier frequencies, STEC the slant TEC expressed in TEC units (TECu), M GF the multipath term in GF, N GF the GF ambiguity term and ε GF the noise on GF combination.
Making the difference between two consecutive epochs t k and t k−1 and assuming that no cycle slip occurred between those two epochs, we obtain the STEC temporal change called ∆STEC at t k :
Then, we verticalize ∆STEC and remove the low-frequency changes in the temporal series using a 3 rd order polynomial. The resulting quantity is called Rate of TEC (RoTEC).
Finally, we compute the standard deviation of RoTEC (σ RoTEC ) every 15 min and declare that an "ionospheric event" is detected if σ RoT EC ≥ 0.08 TECU/min. More information about the method used can be found in [1] .
Climatological study
The climatological study of small-scale ionospheric structures is realised by using GPS measurements made at BRUS station over the period 1994-2008, which covers more than a solar cycle (11 years in average).
The method used in this analysis consists in counting the number of ionospheric events (as defined above) as a function of time.
Solar cycle dependence
To analyse the influence of the solar cycle on the ionospheric structures occurrence, we use a well-known indicator of solar activity: the sunspot number Rd. The monthly smoothed Rd index is compared with the monthly sum of the ionospheric events detected by our method (see Figure 1 ). Both indexes draw broadly a similar curve covering approximately 11 years. However, we can observe that even during high solar activity periods (e.g. 2001), the number of ionospheric events is strongly fluctuating according to the season. In the next section, we analyse the annual dependence in more details. 
Annual dependence
In order to highlight the annual dependence (annual cycle), we focus on two contrasted years: 2001 for the solar maximum and 2006 for solar minimum. Then, the monthly mean of the number of ionospheric events is shown in Figure 2 . We can clearly observe that the ionospheric irregularities are more numerous during autumn and winter months, even during solar minimum. However, the number of events detected during July 2006 is nearly as large as the number of events detected during winter months. 
Local time dependence
Ionospheric irregularities also show a local-time dependence that we propose to analyse by dividing local time into 15 min time intervals. For each of them we count the number of ionospheric events detected for 2001 and 2006; the results are shown in Figure 3 . We can clearly identify a first maximum of occurrence around 10 A.M. and a secondary maximum during nighttime. However, it is interesting to highlight the fact that the secondary maximum of the low solar activity period (2006) located around 8 P.M. is of the same order of magnitude than the first maximum located around 10 A.M. A similar approach detailed in [2] and which splits this analysis according to the four seasons allows us to distinguish two main types of irregularities:
1. autumn/winter irregularities which occur mainly during daytime (around 10 A.M.)
2. summer irregularities which occur mainly during nighttime (around 8 P.M.). 
Types of structures detected
During the climatological analysis (cf. § 2.2.1), we have seen that the number of ionospheric irregularities depends on solar activity. In particular, it is well known that geomagnetic storms, which are more frequently observed during solar maximum, can generate strong variability in TEC. Therefore, it is important to quantify the part due to geomagnetic storms in the statistics described above. In order to isolate this influence, we focus on the days for which the daily maximum Kp value is lower or equal to 5. New statistics are computed on the basis of these "quiet" days in terms of geomagnetic activity using the same procedure as detailed previously. The annual sum of detected events for the year 2001 is shown in Figure 4 . We can see that, if we remove from the statistics the days where geomagnetic storms occurred, the shape of the temporal distribution remains the same: maxima and minima are still located around the same local time. Therefore, there are two main types of ionospheric irregularities which can be identified:
1. irregularities presenting a monthly and daily dependence. They are due to Travelling Ionospheric Disturbances (TID's) which present different local-time behaviours according to the season 2. irregularities which do not show specific local-time behaviour. These are "noise-like structures" induced by geomagnetic storms and which are positively correlated with high solar activity periods.
Quantitative analysis
The climatological study presented in the previous section does not give the magnitude of TEC variability (RoTEC) due to the structures detected by the "one-station" method. 
Small-scale structures and double differences
As the "one-station" method gives information about the temporal gradients of the ionosphere, it does not yield direct information about spatial gradients between two stations (i.e. for a given baseline). Therefore, we developed a technique which allows to isolate and quantify the ionospheric residual error present in RTK basic observables.
Methodology
RTK basic observables are called "double differences" (DD) and are formed by using data coming simultaneously from two receivers (a reference station and a user station) and two satellites. If ϕ i A , ϕ i B , ϕ j A and ϕ j B are the four "one-way" measurements between the receivers A, B and the satellites i, j, the double difference ϕ i j AB,k on L k carrier is computed as follows: AB the noise on the double difference. In our future developments, the ionospheric effects on DD are assessed by using fixed reference stations for which the position is precisely known; as a consequence, D i j AB is a known parameter and is computed by using accurate satellite and station coordinates.
In practice, RTK users measure their position in real-time by using DD of L 1 and L 2 phase measurements. Before starting surveying, RTK users must solve integer ambiguities inherent to L 1 and L 2 double differences. This ambiguity resolution process could fail if the residual ionospheric error contained in the double differences (i.e. I i j AB,k ) is equal or larger than about half a cycle.
Therefore, it is important to quantify the residual ionospheric term in DD, which can be computed by forming the GeometricFree phase combination ϕ i j AB,GF . Considering Equation (3) and neglecting multipath and noise, we obtain:
[cycles]
= 0, 552.10
For each double difference observed, the float ambiguity N i j AB,GF is computed by using the data of the entire available duration of the considered satellite pair; in other words, this ambiguity is not a "real-time" ambiguity. Therefore, we are able to compute the ionospheric parameter STEC ij AB and reconstruct the ionospheric residual term on each of the GPS carriers I i j AB,k :
More details about the method used can be found in [4] and [2] .
Results for case studies
In this study, we analyse the behaviour of I i j AB,L 1 for a baseline near Brussels; the two stations involved in this baseline are GILL and LEEU and are distant of 11 km from each other, which can be considered as a typical baseline length for RTK. In order to clearly identify the effects of ionospheric structures on RTK positioning, we select three days representing typical ionospheric conditions on the basis of the RoTEC values observed at BRUS thanks to the one-station method (see § 2): respectively for DOY 359/04 and DOY 324/03. We can observe that geomagnetic storms have a stronger influence on double differences than TID's: maximum variability value is about 0.9 cycle for DOY 359/04 and 2.6 cycle for DOY 324/03. Moreover, the threshold of 0.5 cycle is slightly exceeded for a small time interval during the occurrence of the TID while it is often reached during the geomagnetic storm.
These results show that small-scale ionospheric variability can represent a threat for GNSS applications, even for differential applications like RTK. This observation is of great importance because RTK users usually assume that residual ionospheric effects can be neglected because of the short distance existing between the user and the reference station.
In the next section, we analyse the effects of such structures on positioning. 
